Abstract. The identification of ferrimagnetic iron minerals in the skin of the upper beak of homing pigeons poses fundamental questions on the principles at work in magnetoreception. Aspects concerning the type of mineral, the size, shape and arrangement of the particles are discussed on grounds of micromagnetic simulations.
INTRODUCTION
Presently there is an ongoing debate whether magnetoreception in animals is based on a magnetooptically triggered chemical reaction [1, 2] or on ferrimagnetic iron minerals [3] , or both. Fortunately, for the first time a structure has been identified in the skin of the upper beak of homing pigeons [4, 5] that fulfills the special prerequisites of a biological receptor. The primary transduction process seems to rely on different iron minerals [6] . They vary in material, size, shape, morphology and configuration. On that background the question arises about the micromagnetic properties of the peculiar particles found.
EXPERIMENTAL BASIS
Within dendritic endings of the ophthalmic nerve a complex structure based on iron oxide particles is observed. Most prominent is the occurrence of unusual platelets of a well-defined shape and size. They form straight bands centro-symmetric to the dendrite's axis (Fig. 1a) . According to µ-XANES 1 data (Fig. 1b) they consist of maghemite [5] . For several reasons they are most probably of single-crystalline nature: (1) all platelets have a specific rectangular shape that fits to the cubic structure of maghemite, (2) they crack in straight lines parallel to their outer rim or along their diagonal, (3) they demonstrate chemical inertness relative to the magnetite particles in the same 1 X-ray absorption near edge fine structure structure, (4) they are difficult to cut with the diamond knife, (5) they lack diffraction rings in small area electron diffraction. The outer dimensions of the platelets lie in a magnetically critical range. They have a quadratic base of 1 µm × 1 µm and a thickness of 100 nm. Close to these bands of platelets one finds micron sized clusters of magnetite nanoparticles [7] . 
MICROMAGNETIC VIEW
Lacking experimental data 3 and regarding the size and shape of the maghemite platelets their possible soft-or hardmagnetic nature has to be discussed. According to calculations of ellipsoids (see [8] for references) the size just falls into the multidomain range. This means that the platelets gain a zero net magnetization as long as a moderate external field points into the hard direction of magnetization, i.e. perpendicular to its plane. In the case of a singlecrystal, the easy directions of magnetization of a maghemite platelet of rectangular shape will lie along the cubic axes. Thus, shape and magnetocrystalline anisotropy would favor a similar domain pattern. The simplest one for a cubic material will be the 4 domain state. The component of the external field lying in the plane of the platelet will magnetize the particle by domain wall motion. In a single-crystal, this should require a minimum of activation energy, and thus keeping the hysteresis low. For a band of platelets the stray field of the neighbors will enforce the magnetization process stimulated by the external field. As the size of the platelets lies close to the range where the single domain state is of lowest energy, the influence of a weak magnetic field might already trigger a significant shift of the domain pattern. Due to this magnetization process the magnetic field within gaps between the bands of platelets could be significantly larger than the original weak external field. Magnetizable small particles 4 that are close to such a gap will be attracted into the gap according to the local field gradient 5 . Thinking of a primary receptor process, these forces could easily pull on mechanosensitive channels in the membrane of the dendrites, where these iron oxides are found. This magneto-mechanical transduction process would imply a primary amplification of the input stimulus, i.e. the local Earth's magnetic field, by the magnetization of a ferrimagnetic material. Regarding the amazing sensitivity of birds to minor variations of the magnetic field such an enhancement mechanism of the receptor process seems to be crucial.
MICROMAGNETIC SIMULATION
First micromagnetic simulations of platelets of various sizes and four platelets in a row were performed by using the public domain code OOMMF [10] . The following parameters were applied: 25 nm or less
The shape of the platelets was chosen to be quadratic according to the TEM images (Fig. 1) . The size was varied from the experimentally observed situation in birds down to the single domain region. Figure 2 shows the patterns of the magnetization distribution within the plane of the platelets. Table 2 gives the values for the different energy contributions under the constraint of minimum total energy for a given type of configuration. At around 200 nm the various patterns have a similar total energy, indicating the transition from the single domain to the multidomain region.
Combining 4 platelets in a row according to what is observed in Fig. 1 adds magnetic crosstalk to the minimization of the total energy. The gain of a net magnetization in one platelet will produce a stray field in its neighbors. This adds to the external field thus reinforcing the magnetization process. Nevertheless, this does not stabilize the single domain state as the lowest energy configuration of the band. Still, in a moderate field a 4 domain pattern in each platelet constitutes the lowest energy state. Table 3 gives an overview over the energy contributions in a band of 4 platelets of 1 µm × 1 µm × 0.1 µm in dimension, each. The separation between them is 50 nm. An applied field of 5 mT brings the magnetization pattern close to the single domain configuration. Switching to a fully magnetized state takes place in a field above 10 mT. 
